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PREFACE

The study reported herein was conducted in the Structures Labora-
tory (SL), U. S. Army Engineer Waterways Experiment Station (WES), under
the sponsorship of the Office, Chief of Engineers (OCE), U. S. Army, as
a part of Civil Works Investigation Work Unit 31623. Mr. Donald R.

Dressler of the Structures Branch, Engineering Division, OCE, served as

technical monitor,
This study was conducted during the period October 1978 to Septem-
ber 1979 under the general supervision of Mr. Bryant Mather,>Acting
Chief, SL; Mr: john Scanlon, Chief, Engineering Mechanics Division, SL:
and Mr. James E. McDonald, Chief, Structures Branch, SL. This study
was conducted and this report was prepared by Dr. Tony C. Liu, SL.
The assistance and cooperation of many persons were instrumental
in the successful completion of this study. The author wishes to ac-
knowledge Mr. Donald R. Dressler, OCE; Professor Phil M. Ferguson, Uni-
versity of Texas at Austin; Mr. Ervell A. Staab, Missouri River Division;
Mr. Chester F. Berryhill, Southwestern Division; Mr. V. M. Agostinelli,
Lower Mississippi Valley Division; Mr. Garland E. Young, Fort Worth Dis-
trict; Mr. Marion M., Harter, Kansas City District; Mr. George Henson,
Tulsa District; and Dr. Paul Mlakar, Dr. N. Radhakrishnan, and
Mr. William A. Price, WES, for their critical review of the manuscript.
The Commanders and Directors of the WES during this study and the
preparation and publication of this report were COL John L. Cannon, CE,
and COL Nelson P. Conover, CE. The Technical Director was Mr. F. R.
Brown.
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CONVERSION FACTORS, INCH-POUND TO METRIC (SI)
UNITS OF MEASUREMENT
Inch-pound units of measurement used in this report can be converted
to metric (SI) units as follows:
Multiply By To Obtain

feet 0.30L48 metres

inches 25.4 millimetres

kips (force) k448,222 newtons

kips (force) per foot 1459. 3904 newtons per metre

kips (force) per inch 175126.8 newtons per metre

kips (force) per square foot 47.88026 kilopascals

kips (force) per square inch 6.894757 megapascals

kip (force)-feet 1355.818 newton-metres

kip (force)-inches 112,9848 newton-metres

pounds (force) L 448022 newtons

pounds (force) per square inch 0.006894757 megapascals

pounds (mass) per cubic foot 16,018L6 kilograms per cubic
metre

square inches 6.4516 square centimetres
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STRENGTH DESIGN OF REINFORCED CONCRETE
HYDRAULIC STRUCTURES

PRELIMINARY STRENGTH DESIGN CRITERIA

PART I: INTRODUCTION

Background

1. Since 1963 the structural engineering profession has been grad-
ually adopting the strength design (SD) approach in lieu of the working-
stress method that is the basis of current Engineer Manual EM 1110-1-2101,

"Working Stresses for Structural Design" (Office, Chief of Engineers

1963). This EM permits the use of the SD method, but does not provide

adequate guidance for proportioning structural members for strength and

" Tr.f""." :

service requirements. The SD criteria for reinforced concrete hydraulic
structures (RCHS) need to be developed for several reasons:

a. The American Concrete Institute (ACI) Buildimg. Code g&d the
American Association of State Highway and Transportation
Officials (AASHTO) Bridge Code are not directly applicable
to hydraulic structures.

b, The SD approach is more realistic and is potentially capable
of producing more economical structures without compromising
safety requirements (Winter and Nilson 1972).

c. Structural engineering research in the United States and
abroad will only be updated'in terms of the SD approach.

L T TR TR R

d. Engineering schools are only emphasizing the SD approach in
their design courses; recent and future engineering gradu-
ates will not be familiar with the working-stress method. h

2. Consequently, a comprehensive study was initiated at WES in
1978 to develop a realistic SD methodology for RCHS and to devise an

accurate and efficient design procedure for implementing these SD

methods.
|
Objective ;
3. The purpose of the first phase of study was to develop general ;
v
|
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SD criteria that will yield designs (i.e. member dimensions and rein-
forcements) equivalent to those designed by the working-stress method
for RCHS. The results of this first phase study are reported herein.
The second phase of this study, which will be initiated in FY 80, will
develop a realistic SD methodology and practical procedure that accounts

for the special loading and service characteristics of particular RCHS.




PART ITI: GSTRENGTH DESIGN CRITERIA

Introduction

4, This part defines the strength design criteria for rein-
forced concrete hydraulic structures. The considerations and background
information used in developing these criteria are given in Part III.*¥*
Examples for designing typical hydraulic structural members using the
strength design method are given in Appendix A.

5. A hydraulic structure is defined as a structure that will be
subjected to submergence, wave action, spray, chemically contaminated
atmosphere, and severe climatic conditions (OCE 1963). Typical hydraulic
structures are stilling basin slabs and walls, concrete-lined channels,
portions of powerhouses, spillway piers, spray walls and training walls,
flood walls, intake and outlet structures below maximum high water and
wave action, lock walls, guide and guard walls, and retaining walls
subject to contact with water (OCE 1963).

6. Reinforced concrete hydraulic structures may be designed with
the strength design method in accordance with the current "Building
Code Requirements for Reinforced Concrete,”" ACI 318-77%** (ACI 1977a)
except as hereinafter specified. The notations used are the sanme as

those used in ACI 318-77, except those defined in this report.

Strength Requirements

Required strength

T. Reinforced concrete hydraulic structures and structural members
shall be designed to have design strengths at all sections at least
equal to required strengths calculated for the factored loads and forces

in the following combinations that are applicable:t

* Part III is a commentary on the criteria.

#* Hereinafter referred to as ACI 318-77.

+ Both the full and zero values of L in Equations 3 and L4 shall be
considered to determine the more severe condition.




= + + + +
U=1.5D + 1.9 (L + H, Hp F, Fp Fu) (1)
= + + +
U= 0.9D + 1.9 (Hw Hp F_+ Fp Fu) (2)

= + + +
U=0.75 [1.5D + 1.9 (L + H_ Ho+ F +F

+

F +P+W+ )]

‘

= + + + + +
U =0.75 [1.5D + 1.9 (L + H +H +F +F +F +FP

+E+T)]
where
Hw = earth mass, or related internal moments and forces
Hp = lateral earth pressure, or related internal moments and forces
Fw = water mass, or related moments and forces
FP = lateral water pressure or related internal moments and forces
Fu = vertical uplift pressure or related internal moments and forces
P = additional pressure due to wave action

Base reactions for
hydraulic structures

8. The factored base reactions for most hydraulic structures shall
be approximated by applying a load factor of 1.5 to 1.9 to the base
reactions obtained from a stability analysis for unfactored normal load
cases, Factored base reactions for abnormal load cases shall be approxi-
mated by applying reduced load factors to the base reactions from appro-
priate stability analyses, consistent with paragraph 7.

Design strength for reinforcement

9. Design shall be based on a 40,000-psi yield strength of rein-

forcement for Grades LO and 60 steel (American Society for Testing and

Materials 1978). The reinforcement with yield strength in excess of

Grade 60 shall not be used, except for prestressing tendons.

E




Serviceability Requirements

Distribution of
flexural reinforcement

10. For reinforced concrete hydraulic structures, spacing of
flexural tension reinforcement shall not generally exceed 12 in.¥

11. The spacing of flexural tension reinforcement exceeding the
limit specified in paragraph 9, but less than 18 in. may be used if it
can be justified. 1In no case shall the flexural tension reinforcement
spacing exceed 18 in.

Shrinkage and
temperature reinforcement

12, Area and spacing of shrinkage and temperature reinforcement
shall be in accordance with the requirements specified in EM 1110-2-
2103 (OCE 1971), or in appropriate Engineering Manuals for specific
structures.

Details of reinforcement

13. Bending and splicing of reinforcement, minimum reinforcement
spacing, and minimum concrete cover for principal reinforcement shall
be in accordance with the requirements specified in EM 1110-2-2103
(OCE 1971).

Control of deflections

14, Deflections at service loads need not be computed if the
limits of the reinforcement ratio specified in paragraph 16 are not
exceeded.

15. For reinforcement ratios exceeding the limits specified in
paragraph 16, deflections shall be computed in accordance with Sec-
tion 9.5 of ACI 318-7T, or other methods that predict deflections in

substantial agreement with the results of comprehensive tests.

* A table of factors for converting inch-pound units of measurement
to metric (SI) units is given page 3.




Flexure and Axial Loads

Maximum tension rein-
forcement of flexural members

16. PFor flexural members, and for members subjected to combined
flexure and compressive axial load when the design axial load strength
¢Pn is less than the smaller of either 0.10 f(':Ag or ¢Pb , the ratio
of tension reinforcement p provided shall not generally exceed
0.25 N ¥

17. Reinforcement ratios exceeding the limits specified in para-

graph 16 but less than 0.50 p may be used if deflections are not

shown to significantly affect :he operational characteristics of the
structure.

18. Reinforcement ratios in excess of 0.50 pb shall not be used
unless a detailed investigation (e.g. laboratory testing, linear or
nonlinear finite element analyses) of serviceability requirements,
including computation of deflections, is conducted in consultation with
higher authority.

Minimum reinforce-
ment of flexural members

19. At any section of a flexural member where tension reinforce-
ment is required by analysis, the minimum reinforcement requirements
specified in ACI 318-77 shall apply except that the fy shall be in
accordance with paragraph 9.

Combined flexure and axial load

20. The design axial load strength ¢Pn of compression member
shall not be taken greater than the following:

= '
P 0.70¢Ag(0.85fc + fypg) (5)

n{max)

¥ The reinforcement ratio for conduits or culverts, designed in
accordance with EM 1110-2-2902 (OCE 1969), shall not generally
exceed 0.375 Py




r—-——.wvm—mr T

where pg is the ratio of area of reinforcement to the gross concrete
area, Ag

21. The strength of a cross section is controlled by compression
if the factored axial load Pu has an eccentricity e no greater than

that given by Equation 6, and by tension if e exceeds this value.

_p'mla -4d') +0.14d
® = " (p' = p)m + 0.6 (6)
where
f
m= —X—
0.85fé

22. Sections controlled by compression shall be proportioned by

Equation T7.%

where

Fa

Mp

23. For sections controlled by tension, the moment strength ¢M
n

0.65 (1 + pgm)f(':Ag
2

0.11 f'bh
c

shall be considered to vary linearly with the axial load strength ¢Pn
from ¢M_ (when the section is in pure flexure) to oM (when the
axial load strength is equal to ¢Pb )3 oM and ¢P  shall be deter-

mined from e, and Equation T); ¢Mo from Equation 8.

fl
Cc

f
oM, = ¢ofybd2<l - 0.59 p l) (8)

* For conduits or culverts, My, = 0.1k fébhg .
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Shear Strength Requirements

24 . The nominal shear strength VC provided by concrete shall be

computed in accordance with ACI 318-7T7 except as modified by paragraphs

26"28 .

25. Provisions of paragraphs 26 and 27 shall apply to straight

members as follows:

=
-

Members with an ultimate shear strength limited to the
load capacity that causes formation of the first inclined
crack.

Members with beams or frames having rigid, continuous
Joints or corners.

Members subjected to uniformly distributed loads, or loads
closely approximating this condition.

Members subjected to internal shear, flexure, and axial
compression, but not axial tension.

Members with rectangular cross-sectional shapes.

Members with 2 /d less than 10 and f' not more than
6000 psi. n ¢

All straight members designed in accordance with para-
graphs 26 and 27 shall include the stiffening effects of
wide supports and haunches in determining moments, shears,
and member properties.

The reinforcing details for all straight members designed
in accordance with paragraphs 26 and 27 shall meet the
following requirements:

(1) Straight, full-length reinforcement shall be used.
Flexural reinforcement shall not be terminated even
though it is no longer a theoretical requirement.

(2) Reinforcement in the exterior face shall be bent
around corners and shall have a vertical lap splice in
a region of compressive stress.

(3) Reinforcement in the interior face shall extend into
and through the supports.

Shear strength for straight members shall not be taken
greater than 20Vf' bd when Qn/d is between 2 and 10

11
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26. At a distance 0.15 2 from the face of the support, for
straight members with En/d between 2 and 6

27. At points of contraflexure, for straight members with Rn/d
between 6 and 10

N

(0.046 + p)<12 + \—’3) i
vV =]11,000 ~— / C_ | bvd (11)
c ’ (19 . &_) L',000

d

The length &' 1is the distance between the points of contraflexure.
28. At points of maximum shear, for uniformly loaded curved cast-
in-place members with R/d > 2.25 where R is the radius of curvature

to the centerline of the member

v =1L ’f'
c c

but the shear strength shall not exceed IOVfé bd .
29. Shear strength based on the results of detailed model tests
approved by higher authority shall be considered a valid extension of

the provisions in paragraphs 26-28.

12
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PART I1I: COMMENTARY

30. This part discusses some of the considerations and back-
ground information used in developing the strength design criteria con-
tained in Part II.

31. As an alternative to the working-stress design method for rein-
forced concrete hydraulic structures, the design provisions of ACT 318-77
(ACI 1977) are generally applicable. However, because of the unique
strength and serviceability requirements of the RCHS, some design cri-
teria of ACI 318-T77 need to be modified. The specific design criteria
that are different from those of ACI 318-77 are given in Part 11. A
comparison of the design criteria for RCHS and ACI 318-77 is presented.
in Appendix B. Most of the notations used in Part II are the same as
those used in ACI 318-77 and therefore are not defined. Cpecial nota-

tions that are not used in the ACI 318-77 have been defined in Part II.

Strength Requirements

Required strength
32. The dead load factor of ACI 318-77 is increased from 1.4 to

1.5 to account for the greater load uncertainties for hydraulic struc-
tures. The live load factor is increased from 1.7 to 1.9. The basis
for this modification is discussed in subsequent paragraphs.

33. Considering the loading combination of live and dead loads,

the required capacity of a flexural member shall be at least equal to

"y = gy ¢ K (1)

where

required factored moment capacity

dead load factor

bending moment due to dead load

live load factor

bending moment due to live load

SRS ARCaRC AR
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3k, Since designs using the working-stress design method specified
in EM 1110-1-2101 (OCE 1963) are satisfactory, the strength design
method should yield equivalent designs. Therefore

Mu = (LF)Mw (14)

o
|

= overall load factor

M = required moment capacity derived from working-stress method

Substituting Equation 14 into Egquation 13

(LF)Mw = KM+ K M (15)

35. Recent studies indicated that the overall load factor is ap-
proximately 1.9 for p < 0.25p, and ¢ = 0.90 (Figures 1 and 2).

Substituting 1.9 for LF into Equation 15

1.9 M = KM + KLML (16)
Since Mw = MD + ML

then
M
13—%%E%+&%%%
(17)
"
¥
=%~M%—*& 7
ML + L ML + 1
Let
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and
; _ a 1
Lo =Kyt Ty (18)
% or

K, = 1.9 (1 + a) - oKy (19)
Since
K—D=1'5
therefore

K =1.9+ 0.ha (20)

It can be seen for a given KD that the value of KL is not & constant

but a function of o (Figure 3).

36, For many hydraulic structures, the dead load of the coucrete
structure is much smaller than the live load: a << 1 . To be consistent
with the concept of constant live load factor used in ACI 318-77, the

value a 1is assumed to be zero; and therefore

e e - =

KL = 1.9 (")

In special cases where the dead load effects are significant, a larger

KL shall be used, and in these cases KL should be determined from
Equation 20.

37. In paragraph T, a load factor of 1.9 was chosen for all load- _ '

ings due to lateral earth pressure, earth weight, lateral water pressure,

vertical uplift pressure, water weight, wave pressure, wind loads,

16
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Figure 3. Relation between KL and a(KD =1.5)

earthquake effects, and the effects of temperature, creep, shrinkage,
and differential settlement. Load factors, depending upon the degree

of uncertainty of loads considered can be determined using a probabilis-
tic approach (Appendix C) and will be refined during future phases of
this study.

38. The reduction factor of 0.75 used in Equations 3 and 4 is
consistent with the provision of increasing the allowable stresses by
33-1/3 percent for Group II loadings (OCE 1963) for the working-stress
designs.,

Base reactions for
hydraulic structures

39, Theoretically, the base reactions for hydraulic structures
should be evaluated from the factored loads such as earth pressures,
water pressures, and structural weights., However, since the bearing
pressures are causced by loadings with different load factors, such a
procedure will cause relocation of the resultling eccentricities and lead

to base reactions that are in principle different from those obtained

17




under service load conditions. For the purposes of design, paragraph 8
specifies that a load factor between 1.5 and 1.9 be applied to the base
reactions obtained from the investigation of the service load conditions.
A weighted average method, as given in Equation 22, may be used for

determining the load factor for base reaction for strength design:

o IP1 K 112 Ky 18] 2 Ky [R] 2 K IFy] # Ky 7|
RN NN RN EN N (22)

where

KB = load factor for bearing pressure
KD = load factor for dead load

KHw = load factor for earth weight

KHp = load factor for lateral earth pressure

KFw = load factor for water weight

KFP = load factor for lateral water pressure

KFu = load factor for uplift pressure

Justification for selecting an appropriate load factor should be sub-

absolute value of the load considered

mitted to the higher authority.

Design strength for reinforcement

40. Paragraph 9 limits the yield strength of reinforcement for
design to 40,000 psi. This limit is more restrictive than ACI 318-77,
vhich placed the upper limit at 80,000 psi. Since the maximum width of
crack due to load is approximately proportional to stress in reinforce-
ment, this 1imit is necessary to minimize the crack width in the hydrau-

lic structures.

Serviceability Reguirements

Distribution of
flexural reinforcement

L1, Control of cracking in RCHS is particularly important. RCHS
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designed by the working-stress method have low concrete and steel
stresses and have served their intended functions with very limited
flexural cracking.

42. The ACI 318-7T7 criteria for distribution of flexural reinforce-
ment in beams and one-way slabs is based on the results of small beam
tests (Gergely and Lutz 1968). The present ACI criteria may not be
applicable for large RCHS members.

43. Extensive investigation of the cracking phenomenon in rein-
forced concrete structures revealed that smaller bar sizes placed at
closer spacings are more effective in controlling flexural cracking than
a few larger bars of equivalent area placed at wider spacing between
bars (ACI 1972). The best crack control is obtained when the reinforce-
ment is well distributed over the zone of maximum concrete tension. The
provisions of paragraph 10 limiting the bar spacing to 12 in. are empiri-
cal but have been used satisfactorily for hydraulic structures.

Shrinkage and
temperature reinforcement

44, Volume changes in concrete due to drying shrinkage, heat of
hydration of cement, and seasonal variations in temperature in restrained
members can produce excessive tensile stresses and thus cause wide
cracks. Therefore, shrinkage and temperature reinforcement is required
at right angles to the principal reinforcement to prevent excessive
cracking.

45. EM 1110-2-2103 (OCE 1971) classifies three degrees of restraint
for concrete hydraulic structural members: unrestrained, restrained,
or partially restrained. The areas of reinforcement required vary from
0.2 percent to 0.4 percent depending on the degree of restraint. The
shrinkage and temperature reinforcement requirements for conduits or
culverts given in EM 1110-2-2902 (OCE 1969) shall be satisfied.

Details of reinforcement
L6. According to EM 1110-2-2103 (OCE 1971), the bending and

cplicing of reinforcement shall conform to ACT 318-77.
L7. The maximum size of coarse aggregate used in hydraulic struc-

tures is generally larger than that used in building structures.
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Therefore, the bar spacing requirements specified in EM 1110-2-2103
(OCE 1971) are generally larger than those of ACI 318-77.

L8, Thick concrete covers (from 4 to 6 in.) for hydraulic struc-
tures are generally required not only for protection of reinforcement
against corrosion but also for erosion protection against abrasion and
cavitation.

Control of deflections

L9, The members designed by strength-design methods are often
more slender than those designed by working-stress methods. Reasons for
this include {a) the use of large steel ratios and (b) the use of high-
strength steel and concrete. Because the deflection of slender members
may in some cases exceed desirable limits, paragraph 15 specifies that
deflection shall be checked when the reinforcement ratio exceeds G.25pb

(or 0.3750b for conduits or culverts).

Flexure and Axial Loads

Maximum reinforce-
ment of flexural members

50. The limitation on the amount of tensile reinforcement that may
be used in a flexural member is to ensure that flexural members designed
by the strength criteria will have ductile behavior.

51. The maximum tension reinforcement of flexural members for hy-
draulic structures is limited to O.25pb and to 0.3750b for conduits
or culverts. The derivation of this limitation is given in Appendix D.
This limit is much smaller than O.?Spb allowed in ACI 318-77. The
low reinforcement 1limit will result in a stiffer structure, which is
considered desirable for hydraulic structures.

52. For unusual situations when a larger amount of reinforcement
is necessary because of physical constraints on member dimensions due to
functional or esthetic requirements, paragraph 17 limits the reinforce-
ment ratio to O.SOpb provided that the deflection criteria specified

in paragraphs 1k and 15 are met.
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Minimum reinforce-
ment of flexural members

53. This provision applies to members that for functional or other
reasons are much larger in cross section than required by strength
consideration. The computed moment strength as a reinforced concrete
section with very little tensile reinforcement becomes less than that of
the corresponding plain concrete section computed from its modulus of
rupture. Failure in such a case could be quite sudden. A minimum per-
centage of reinforcement should be provided to prevent such a mode of
failure.

Combined flexural and axial load

54, The strength design procedure for members subjected to com-

bined flexure and axial load can be summarized in Figure L.

NP,=19P =065 (1+pm)t A

¢Pn (MAX)

N\ M
MF =1.9Mf

=0.11 'bh?
[+

Figure 4, Typical interaction diagram
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55. For zero or small eccentricities (interval ac ), the strength
of a section is that for concentric compression (Equation 5). Equa-

tion 5 is derived to yield ¢P approximately 1.9 times the maxi-

n{max)

mum allowable axial load calculated by the working-stress method using

L Section 1403 of ACT 318-63. The ¢P
n{max)

about 10 percent less than that computed by Equation (10-2) of ACI

318-77.

56. For moderate eccentricities, when compression governs in the

calculated by Equation 5 is

interval c¢b , the interaction Equation 7 applies. It is represented

i by the straight line connecting PA (when M = 0) and MF (when P = 0).

In that range, one determines ¢Pn and ¢Mn from Equation 7 and com- !

pares ¢Pn with ¢Pn( as calculated from Equation 5. The smaller

max)
of the two is the design strength.

57T. Point b determines the boundary between members governed by
compression and those governed by tension. It can be determined by cal-
culating eb from Equatior 6 and then ¢Pb from Equation T.

58, For large eccentricities, when tension governs, a linear
variation is assumed between the moment ¢Mb at the balance point b
and ¢MO for simple flexure, shown by straight line bd .

59. It can be seen from Figure L4 that the general shape of the
figure acbd 1is very similar to the interaction diagram for working-
stress design specified in ACI 318~63 (ACI 1963). The similarity of the
figures comes from the fact that the SD criteria are devised to provide

comparable design with the conventional working-stress design methods.

Shear Strength Requirements

Shear strength provided by concrete

60. In general, for retaining walls or flood walls, the VC shall
be computed in accordance with Section 11.3.2 of ACI 318~7T7. The maxi-
mum shear for horseshoe-shaped conduits or culverts will generally occur
in the base slab near the walls at a point of high moment, shear, and
axial thrust. 1In this case, the VC shall also be computed in accor-

dance with the provisions of Section 11,3.2 of ACI 318~77. For thick
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horseshoe-shaped conduits or culverts with :J/d less than 5, the
special provisions for deep flexural members éiven in Section 11.8 of
ACI 318-T7 may be used, if appropriate. Paragraphs 26 and 27 shall
apply.

61. The walls of an intake structure generally have high uniform
loads caused by either water pressure or earth embankment fill that re-
sult in high axial compression thrusts on the members. Section 11.3 of
ACI 318-7T7 shall be used to compute VC . When the structural conditions
of intake structure walls are clearly similar to the box conduits inves-
tigated in the laboratory (Diaz de Cossio and Siess 1969 and Ruzicka
et al. 1976), Equations 10 and 11 may be used. The special provisions
for deep flexural members given in ACI 318-77 may apply to some intake
structure walls; however, since there is no provision for axial loads,
the results will usually be too conservative. Paragraph 28 is generally
applicable to uniformly loaded circular or oblong conduits or culverts.

62. For hydraulic structures, the factored shear force Vu will
not generally exceed the shear strength provided by concrete ¢Vc 5 and
therefore, shear reinforcement is not normally required. However, in
certain areas where Vu does exceed ¢VC . Shear reinforcement shall
be provided in accordance with Section 11.5.6 of ACI 318-77.

63. The limitations for using Equations 10 and 11 are specified in
paragraph 25. These requirements are necessary to ensure that the actual
structural performance is consistent with the modes of failure observed
in comprehensive tests performed at the University of Illinois by Diaz
de Cossio and Siess (1969), Gamble (1977), and Ruzicka (Ruzicka et al.
1976). Special attention should be given to the following:

a. In frames of normal proportions, the supporting member can
be idealized as a line structure in determining moments
and shears. However, as the widths of the supporting
members become larger relative to the span {(e.g., in a
thick-walled multiple opening conduit), it becomes neces-
sary to take these widths into account if the distribution
of moments is to be adequately predicted. As the supports
become wider, one must also reconsider the definition of
the span {clear span or center-to-center span), and the
effects of the growing joint areas on the flexural stiff-
ness factors. The recommended idealization of thick box
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conduits with and without haunches can be found in Diaz
de Cossio (1969) and Gamble (1977).

b. The reinforcing details, including the lengths of bars, the
locations of bar terminations, and the locations of bends
should be considered both to ensure the adequate behavior
of the structure and to minimize material and fabrication
costs. The outside reinforcement should be bent around
the corners in a thick-walled multiple opening conduit,
and the vertical bars should then be lap-spliced in accor-
dance with ACI 318-77. All other bars are straight and
full length, No bars should be cut off short, even though
in some cases the shape of the bending moment diagrams
might appear to allow this to be done. The extensions of
the inside bars (bottom bars in top member, top bars in
bottom member, and inside bars in exterior vertical mem-
bers) into and nearly through the supports are
recommended.

64, The bent bars have been used in some box conduits, but these
become quite inefficient and ineffective when members with small ln/d
values are considered. The use of all straight bars rather than bent
bars is recommended for thick-walled conduits.

65, For thick-walled reinforced concrete box conduits or culverts,
the lower bound of the nominal shear strength given in Equation 10 1is
obtained from Ruzicka et al. (1976). Equation 10 is only applicable
when the technical requirements specified in paragraph 24 are met.

66. Equation 11 is obtained from Diaz de Cossio and Siess (1969),
and is generally applicable to box conduits or culverts with Qn/d be-
tween 6 and 10. The requirements specified in parag aph 25 should also
be met. For box conduit sections of ordinary dimensions, the critical
member for shear is usually the horizontal member.

67. FEquation 12 is derived based on a principal stress analysis of
an elastic member subjected to axial compression and shear, and in
which it is assumed that failure will occur when the principal tensile
stress reaches a limiting value of h/?g . Fquation 12 is only applica-
ble at points of zero bending moment, The nominal shear strength for
other secticns subjected to combined shear, flexure, and axial thrust
should be computed in accordance with the appropriate sections of Chap-
ter 11 of ACI 318-TT7.

68. 1In general, the R/d of the circular or oblong conduits is

2k

& .
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greater than 2.25, For unusually thick curved members with R/d < 2.25 ,
the effects of member curvature on the stress distributions should be

considered.
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APPENDIX A: DESIGN EXAMPLES

Design of Retaining Walls

Design data

1. Design information for retaining walls is presented in the
following paragraphs.
a. Soil data,

Unit mass of sand (submerged) = 6%.5 1b/cu ft
Unit mass of clay (submerged) = 57.5 1lb/cu ft
Active earth pressure coefficient for sand = 0.33
Passive earth pressure coefficient for clay = 2.04

|z

Material data.

Concrete compressive strength, f{ = 3,000 psi
Yield strength of steel, fy = 40,000 psi

Loading diagrams and dimensions

2. The critical loading diagrams and structural dimensions result-
ing from stability analysis of service load condition are shown in Fig-
ure Al.

Design of stem

3. Working-stress design. Referring to Figure A2, the moment at

the base of the stem is

M= (P1 x 8.5) + (P2 x 8.5) - (P3 x 1.5)
where
= 1 2
P, =3 x 0.0625 x (25,5)
= 20.3 kips
P, = % x 0.33 x 00655 x (25.5)°
= 7.0 kips
=1 2
P3 =5 X 0.0625 x (k.5)
= 0.6 kips
Thus
M= (20.3 x 8.5) + (7.0 x 8.5) - (0.6 x 1.5)

231.2 kip-ft

Al
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Figure A2. Loading diagram for item design

4. The effective depth d required for a given moment can be

calculated by

for f! =3,000 psi , f, =0.35f] =1,050 psi , and f_ = 20,000 psi
R = 150%

Thus

4 = f231;200 x 12
152 x 12

39 in.

* Obtained from Ferguson 1965.
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The required steel area can be computed by

where a = 1,44 for f_ = 20,000 psi

o

!
Therefore '3

L.11 sq in. d

Use No, 11 at 4-1/2 in. (A_ = 4.16 sq in.).

Check shear at d from top of base.

v = I Eo.oées +0.33 x 0.0655) (25.5 - %%)9 < %]
;.
- [o.o625(h.5.. %%)9 y %J' |
= 20.8 kips
.
v=Z—d=f—g-{*£%=uu.u psi < 1.1yTT = 60 psi

5. Strength design, The factored moment at the base ~f the ster

=

)
=
O
=

n
[
O

X
[a®]
)
—
V]

L39,.3 kip-ft |

Al .




The effective depth d can be determined from the following equation

° 3
M, = |40ty BT 1 - °'59°<fg)

Use p = 0.25 pb
F fé 87,000
= —_— | ——
0.25 0‘8581 f (87,000 + f >
L y y
[ 3 87,000
= —_——
0.25 |0.85 x 0,85 x 0 (?7,000 " fy)]
= 0.0093
Thus

1
439.3 x 12 = 0.9 x 0.0093 x L0 x 12 x d2 (1 - 0.59 x 0.0093 x %9)

d = 37.6 in.

38 in.

Use 4

A= pbd

o

0,009 x 12 x 38

u,24 sq in.

4,16 sq in.)

Use No. 11 at L-1/2 in. (A,

Check shear at d from the base.




12 2

v = l[1.9(o.o625 + 0.33 x 0.0655) x (25.5 - §§)2 x 1]

- [0.0625 (v.5 - %%)2 x %},

= 39,8 kips

According to Equation (11-3) of the ACI 318-T77

V, = 2yf] bd
= 2v/3000 x 12 x 38
= 50 kips

oV, = 0.85 x 50

42.5 kips > V
u

Therefore, shear reinforcement is not required.

Design of heel

6. Working-stress design, Referring to Figure A3, the moment at

the face of the support®* can be computed as

* Under most loadings, the critical heel moment is at the center line
of the stem steel.
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(16.55)°

(29.h + 28.1 x =

=
"

légii + 0.525 x

(0.98 + 1.81)(16.55) x 16.55(2 x 1.81 + 0.98) i‘

3(1.81 + 0.98)

-

(2.84)(15.72) x % x 15.72 6

n =

475.8 + 71.9 - 210.0 - 117.0 A

= 220.7 kip-Tt
Hw =29.4 KIPS

!
F, =28.1 KIPS

A\NN\Y

l‘; 16.55 FT "’

CONCRETE D=015X3.5
=0.525 KIPS

1.81 KIPS

UPLIFT
0.98 KIPS

k 15.72FT =_{

BEARING PRESSURE

28.4 KIPS

Figure A3. Loading diagram for heel design
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The 4 required

M
4= VRp
4 = |220,700 x 12
152 x 12
d = 38.1 in.

Use 4 = 38 in.

7. Using L-in. concrete cover, the total thickness of the heel is

T =38 +L4.5=1042,5 in. = 3,54 ft

This is satisfactorily close to the assumed thickness of 3.5 ft used

in the calculation of concrete weight.

_ M
As T ad

220.7
1.L4L x 38

4.03 sq in.

Use No. 11 at L-1/2 in. (Aq = L,16 sq in.)

IS

Check shear at the face of the stem.
V= (29.h + 28,1) + (0.525 x 16.55)

(0.98 + 1.81)(16.55)

|-

(2.84)(15.72)

!
A3 R

20.8 kips

A8




v 20,800 . .
= me—— =
V=g EEJ;—gg L5.6 psi < 60 psi

8. Strength design.*

=
i

1.9 x U75.8 + 1.5 x 71.9 ~ 1.9 x 210.0 - 1.9 x 117.0

390.6 kip-ft

2 oy
Mu = ¢pfybd 1l -~ 0'5901")

c

Use p = O.ZSQb = 0,0093
2 Lo
390.6 x 12 = 0.9 x 0.0093 x 40 x 12 x 4 x (1 - 0.59 x 0.0093 x 3

d = 35.5 in,

Use 4 = 36 in.

and
A = pbd

0.0093 x 12 x 36

i

Lh,02 sq in.

Use No. 11 at L-1/2 in. (AS = 4,16 sq in.)

Check shear at the face of the stem.

* A load factor of 1.9 is used for factored base reactions.
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V. o=1.9(29.k + 28.1) + 1.5(0.525 x 16.55)

u

- 1.9 x % x (1.81 + 0.98) x 16.55

- 1.9 x % x (2.84 x 15.72)

H

36 kips

o.85(2\[1*z bd)

"

oV,

i

0.85 x 2 x V3000 x 12 x 36

1}

Lo. i >
0.2 kips Vu

No shear reinforcement is required.

Design of toe

the face of the support is

M= 2% 3.06 x £ x (5.75)7 + £ x 3.80 £ x (5.75)°

2

= 58.7 kip-ft

Therefore

4= ¥ _ [58.700 x 12
" NR TN T2 <12

d = 19.7 in.

Use 4 = 20 in.
Using b-in. concrete cover, the total thickness required for the toe

at the face of the support is

9. Working-stress design. Referring to Figure Ak, the moment at
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1C This thickness is only about 60 percent of the assumed thick-

ness of L2 in. used in the calculation of concrete weight.

A recalcula-

tion of M and d may be necessary. However, in this design example,

the recalculation is not performed.

11. The steel area required can be determined by

- 58.7
1.hk x 20

2,04 sq in.

Use No. 11 at 9 in. (AS = 2.08 sq in.)

Check shear at d from the face of the stem.

<3
il

% (3.45 + 3.80) x (5.75 - 3.0)

10 kips

v=.Y_=£)_LM=)41.7 psi <« 60 psi

bd 12 x 20

No shear reinforcement is necessary.

12. Strength design. Referring to Figure A5,¥ the factored moment

at the support is

)2

M L, 6.01 x % x (5,75

1
u 2 o T.3h x

wro

114.0 kip-ft

) £
M = ¢of bad (} - 0.590 =L
u y

x (5.75

)2
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Use »p 0.259b = 0,0093

114.0 x 12 = 0.9 x 0.0093 x L0 x 12 x d2 (l - 0.59 x 0.0093 x %g)

d = 19.2 in.

Use d = 19.5 in.

A = pbd

0.0093 x 12 x 19.5

2.18 sq in.
Use No. 11 at 8-=1/2 in. (As = 2,20 sq in.)

Check shear at d from the face of the stem.

<3
It

2 (6.70 + 7.34) x 2.75

19.3 kips

¢V, = 0.85 x 24[f! bd

0.85 x 2 x V3000 x 12 x 19.5

21.8 ki >V
ips u

No shear reinforcement is necessary.
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Summary

13. The retaining wall design using both working-stress design

and strength design methods is summarized in the following tabulation. |
The depths of the sections designed by the strength design method are
approximately 5 percent less than those designed by the working-stress .
design and the steel areas required by the strength design are approxi- ;

mately 3 percent more than those required by the working-stress design.

Working-Stress 4

Design Strength Design '

d As d As '

Area in, sq in. in. sq in. di

Stem 39.0 k.11 37.6 L.24 f
Heel 38.1 4,03 35.5 4,02

Toe 19.7 2.0k 19.2 2.18 !

Design of Members Subject to Combined
Flexure and Axial Load

14. The following design information is given: '

a. Overall depth of section, h = 2L in.

|o

. istance fron .reme compressio ib to centroid o
Dist from extren pression fiber t ntroid of
tension reinforcement, 4 = 20 in.

c. Width of the section, b = 12 in. ;

d. Compressive strength of concrete, fé = 3,000 psi H

e. Yield strength of reinforcement, fy = 40,000 psi l

f. Ratio of area of tension reinforcement to effective area ‘
of concrele, | = C.00749

ge Ratio of area of reinforcement to the gross concrete area,

br = 0,00fL

h. FPlot interaction diagrams fer (1) working stress design
per ACT =19-63 (ACT 19€%), () streneth design per ACT
NESTT (ACT 1977a), and (%) strength design per Part TT

Working-stress design

19. According to Fquation th=10 of ACT 21807,

AlS ;




v
|

= o.3h(1 + 0 m)f'A
g)ce

Lo
0.85 x 3

o.3u(; + 0.006k (3)(12)(2k)

323.3 kips

16. The bending mement that could be permitted for bending alone,

M, = 0.35f'S

f c ut
where
sut = the section modulus of the transformed, uncracked section
=2[ﬁ+ (n - 1)a_(% - d)zJ
h{1l2 s\2 s
2 12 x 2&3
M. = 0.35(3) EF) [———55——-+ (2 x 9.2 - 1)

x 0,00769 x 12 x 20 (25-_ g)z] f]

115.8 kip-ft .

17. According to Equation (14-8) of ACI 318-63

_p'm{d -
b (p

(<

4a') + 0,1d !
- p)m + 0,6 '

0 , and therefore ‘

For this design example, p'

ot i

_0.14 ‘
€ 0.6 - om N
0.1 x 20 g
0.6 -~ 0,00779 x L0
(0,85 x 3)
i
= k.17 in. |

Al6




The maximum allowable axial load Pmax can be calculated according to

Section 1403 of the ACI 318-63

lav]
It

]
nax 0.85Ag(0.25fc + fspg)

0.85 x 12 x 24(0.25 x 3 + 0.4 x 4O x 0.006L)

1}

208.7 kips

18. The allowable bending moment without axial load can be calcu-

lated according to Equation (1L4-13) of the ACI 318-(3: |

=
1}

0.LOA £ 3jd
5y

0.L0 x 0.00769 x 12 x 20 x L0 x 0.891 x .0

526.2 kip-in.

43.9 kip-ft

Based on the above calculation, the interaction diagram can be pletted
in Figure A6.
Strength design, ACI 318-77

19. ¢Pu = 0., The design moment strength without axial lond ¢

can be determined by the following equation:

£
2 con
¢pfybd (1 - O.J9Df.>

o]

oM

N

0,9 x 0.00769 x Lo x 17 > ¢

"

. hﬂ (’ ti \
x (1 - 0.59 x 0.00769 x —

)

10480 kip=in.

i

1Nk kip=ft

AlT
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20.

¢Pu = O'IOf'Ag>= 86.4 kips. Referring to Figure A7, the deith
c

of equivalent rectangular stress block a can be determined from the
following equation:

le

0.85f'ab - A T
¢ c S

86,4
0.7 = 0.85 x 3 xa x 12 - 0.00769 x 12 x 20 x L0
a = 6.45 in.
PU
9 —>$ e,
0.85¢° |-—.-|
<
)
n
. - —_ - - _ -
af N
®
%é
‘.‘u ! | eo—o- - L Al ‘
b | ‘
o
Figure A7, ©Stress-strain distribution for member subject
‘ to combined flexure and axial load
(8
[ 21. The eccentricity measured from the centroid of tension rein-
v forcement e'

can be determined from the following equation (sce
Figure AT).

Al9




determined

The value for @M can be
u

[N - S
B

$M = 10 L kip-Tt
u
22, Balanced condition. The balanced load strength ¢?L RIS

balanced moment strensgth @Mb can be computed by¥

¢Pb = ¢ (Q.E}:)‘:‘:‘blib - :\;:f‘:'v)

and
‘ “b .
= 0.8%f'ba | = = — ] + A 1 [~ -
¢)Mb ¢ e\ . s vl o
where

_(__81,000 -
A 87,000 + 7_J' :

desipen information

Tubstituting the given

¥ Obtained from ACI (1977h).




a, = ( 87,000 ) x 0.85 x 20

b 87,000 + L0,000
= 11.65 in.
¢P. = 0,7(0.85 x 3 x 12 x 11.65 = 0.00769 x 12 x 20 x LO) '

197.9 kips

¢D% = O.T[O.?; x 3 x 12 x 11.65 %E - liééé)

o)
+ 0.00760 x 12 x 20 x L0 (2—‘ - u)]

= 195Lk.3 kip-in.
= 16,9 kip-ft

o, @Nu = 0, According to Equation (10-") of ACI 318-77

\ = q.c ¢ (\,Qr}f' - + \
®In(max) 0.7e [ ’ C(A? Ast) fvpst]

o

= Loy ki;,g M
400
@I‘ T e = by C ki ;’
. !
o 0,

The irteraction dinyran for ctrengd, decien acs vijre ¢ AT 1 eaTT

plotted in Yimure A




Strength design, hydrau-~
lic structures, f‘c = 0.35fé

2L, According to Equation 7

d
1}

1]
A 0.65(1 + pgm)chg

0.65{1 + 0,006L4 x

6*5%9;—§) x 3 x 12 x 24

618,0 kips

and

O.llfc'bh2

_

0.11 x 3 x 12 x 24°

2281 kip-in.

190.1 kip-ft

25. The eccentricity at balanced condition eb can be determined

from Equation 6

(54

-la
'
ol fo

» {—
olo
.

T (6 bis)

4L.17 in.

26. The ¢Pb and ¢Mb can be determined from e

b and Fquation T:

L (7 vis)




Substituting
OP = ¢
M = ¢Pb(eb)
= h.lT¢Pb
P, = 618 kips

190.1 x 12

e

2281.2 kip-in.

into Equation 7

¢Pb = 290.2 kips

and

290.2 x bL,17 + 12

o,

= 100,8 kip-ft

The maximum design axial load strength ¢Pn should be computed in

accordance with Equation 5.

P = 0. 0.85f' + ¢
9 n(max) 70¢Ag( 5 o ypg)
(5 bis)
= 396.0 kips
The deocign mement ctrength for hending alone  4M ean be computed by
ot 4 g Mo I )

A23




e iost

¢Mo f'
c

2 f j
90t ba <1 - 0.59p-4$> g

(8, bis) )

10k kip-ft

27. Based on the above data, the interaction diagram for strength
design of hydraulic structures is also plotted in Figure A6,
Strength design, hydrau-
lic structures, fc = O.thé

28. It can be shewn that P

> \
N ¢Pn( , and ¢Lo are the

same as those calculated in paragraphs 2L-27.

max)

2

0.1Lf'bh
C

My

0.14 x 3 x 12 x 2h2

241.9 kip-ft

and ¢Pb can be calculated by

¢P ¢P. e
R TN

=
=

Substituting into the above equation ;

PA = 618 kips &
e = 4,17 in. ;)
MF = 2h1,9 x 12

2902.8 kip-in.

A2k




then

¢Pb = 327.h kips

and therefore

oM, = ¢P e

113.8 kip-ft

29. 'The interaction diagram for hydraulic structures with
fc = O.thé is shown in Figure A8. The interaction diagrams for ACI
318-63 (WSD) (ACI 1963) and ACI 318-77 (ACI 1977a) are also plotted in

Figure A8 for comparison.

Shear Design

Circular conduits

30. The stress analysis of a typical circular conduit (Figure A9)
indicates that the maximum shear force and thrust at a section L5 deg
from the crown (where moment is zero) are 81.25 kips and 162.5 kips,
respectively, under a service load condition. Determine whether shear

reinforcement is required. A L000-psi concrete is to be used. The

thickness of the conduit as shown in Figure AG is 48 in. and has a L-in.

concrete cover.
31. Working-stress design. According to Equation (14) of
EM 1110-2-2902 (OCE 1969),

where
ft = principal tensile stress
fc = average compressive stress
v = average shear stress

4
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LOAD = 1755 KIPS/SQFT

SHEAR COMPUTED

ALL LONGITUDINAL
BARS #6 @ 12~

4 CLEAR

#10@ 12
¢ CONDUIT __ __
#10@ 127
S
PV
CONSTRUCTION ©
JOINT _ _i
4
— [
3 L ’ 3
? ©
- °
Yy y
6" PROTECTIVE
COATING (TYP.)
"~
260"

Figure A9. Circular conduit design
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162,500

= ekl = 3
fc T8 %15 282.1 psi
811250 .
= -
v 43,5 x 12 155.7 psi

)
il

282.1 (282.1)2 2
. 2 —[2 + (155.7)

69 psi < Q\Ifé = 126.5 psi

Therefore, no shear reinforcement is required.

32, Strength design. Since R/d = 11 x 12/Lk3,5 = 3,03 > 2.25 ,

the nominal shear strength provided by concrete, VC » shall be computed

by Equation 12:

(12 bis)

where
N,o= 162.5 x 1.9 = 308.8 kips
Ag = 12 x 48 = 576 sq in.
bd = 12 x 43.5 = 522 sq in.
fé = 4000 psi
Thus,
308,800
v_ = /5000 NS RS
¢ 4/5000

= 233,227 1b

= 233.2 kips

$V_ = 0.85 x 233.7

1080 kips

ADK
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y
8
P
4
Vu = 1.9 x 81.25 |
= 154.L kips Ii
Since Vu < ¢Vc » shear reinforcement is not required. :;
Box culverts or conduits ‘%
33. For a typical rectangular one-cell reinforced concrete box ié
culvert (Figure A10), the following design information for the horizon- .
tal member is given: 22
a. Clear span, Rn =10 ft ::
b. Span between points of contraflexure, 2' = 9 ft y
c. Uniform service load, w = 7.2 kips/ft “q
d. Thrust, N = 14.8 kips [{
e. Effective depth, d = 24 in.
f. Overall thickness, 28 in, 5
g. Steel ratio, p = 0.005 1
h. Concrete compressive strength, fé = L0000 psi ‘

Design shear reinforcement for the horizontal member.

34. Working-stress design. The unit shearing stress of box culvert

can be determined using Equation (15) of FM 1110-2-2902 (OCE 19€9). {

(0,046 + o) (1:‘ . ﬂ) =

Vpe = 11,000 (oe 2 = N6 ;
. d
where '*
V = total shear at point of contraflexure i
2
= l—%ﬂ = 32.h kips

N/V = 1h.,8/32,4 = 0,L6

2'/d = 9 x 12/2h = k.5
p = 0.005 o
' = L0000 psi Q

9




W=2.4 KIPS/FT

W= 7.2 KIPS/FT

concrete box culvert
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Therefore,

<
i}

(0,046 + 0,005)(12 + 0,46) /hooo
pe 11,000 (19 + L.5) L000

297.4 psi

32,400
= e— = = N i
VT %d 12 x 2k 112.5 psi

The factor of safety in shear for 3 < 2'/d < 5 is

F& = 1.25 + Ta

_ 9 12
=1.25 + L o
= 2.38

Shear reinforcement is not required,

r

35. Strength design. Cince an/d =10/ =% < €&, Equation 10 is

applicable, and shear should be checked at O.]an from the face ¢f

the support: 4




<
"

(11.5 - 5)v4000 [1 + 83.7 12 x 24
\/ 5/4000

. (10 bis)
= o i - _.r—] t =D s
132.6 kips < 2.1(}1.5 d‘)\,fc bd = 248.6 kips

¢Vc = 0.85 x 132.6

= 112.7 kips

Vv at O.lSQn from the face of the support is

g
vV o= w(;9 - 0.15¢ >
u < n

= 1.9 x 7.2 (%9 - 0.15 x 10)
= L7.9 kips < ¢V_

Shear reinforcement is also not required at 0.159n from the face of

the support.

lorseshoe-shaped conduits

36. The elastic analysis of a horseshoe-shaped conduit (Firure A11)
shows that the maximum shear occurs at Cection 10. The moment, shear,
and thrust at this section are 37 kipe=ft, 19,7 kips, and 173 kipso,
respectively. The thickness of the Jection 10 is 2,19 ft and the cffec-

t.jve depth is 1,94 ft. Concrete having fé = h000 psi  is te be used.

A3C
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SYMMETRY LINE

J‘/

-=-0-
v

I CENTER ;

_:‘/- INVERT

Figure All. Horseshoe-shaped conduit

The steel ratio p is 0.01 . Determine whether shear reinforcement is

; required.
| 37. Working-stress design. Accordins to Equation (B-3) of the

ACT 318-77, '

vd
= f" + —
vc \’ N 1300p M

A33




<
]

19.7 kips

vd _ 19,7 x 1.94 x 12
M 37 x 12

1.03

L]

0.01

©
"

fé = L0000 psi

<
n

/k000 + 1300 x 0.01 x 1.03

76.6 psi

19,700

VET.0L x 12 x 10

= T70.5 psi < vc

No shear reinforcement is required.

38. Strength design. Since the maximum shear occurs at Cecticn 10

where moment and thrust alsoc exist, the provision of Cecticn 11.:....

of ACI 318-77 applies:

Vud
vV = . '+ 25 —1]b
o 1.9 fc >00p Mm d

and

From the given information l

=
]

37 x 1,9 = 70.3 kip-ft

=
i

13 x 1.9 = 24,7 kips

A3l




and

= LG4 Kip-ft

(1.9vﬁooo + 2500 x 0,01 3#4§515é:iﬁi) x 12 x 1.9 x 17

H

i

43.8 kips

i

oV 0.85 x L3.8

i

37.2 kips

Since this value is almost equal to Vu (37.4 kips), the shear rein-
forcement is not considered necessary.

Intake structure wall

39. For an intake structure wall (Figure Al2), the followins

information is given:

a. Clear span, ln = 1h ft

b. Overall thickness, h = 36 in.

c. Effective depth, d = 33.5 in. = 2,79 ft

d. Moment at face of support, M_ = UL kip-ft

e. Thrust, N = 116 kips i

f. Shear at face of support, V_ = 83 kipe

g-. Uniform load at compression ;ace, W = 11.% kips/ft
h. Concrete compressive strength, fé = 3000 pai

i. Reinforcement ratio, o = 0.000
Determine if shear reinforcement is required.

L0, Working-stress method.

a. Check shear at 4 from the face of the supper!.

AR5
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50.1 kips

N Lo |
& [
H j’ =
3 )
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~
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) -
J;;I
‘r J'
PLAN AT EL 1342 83

Intake structure wall

83 - 11.8 x 2.79

For members subject to axial compression, V. may be
computed according to Equation B-h of ACI 318-77.

i
|
i




"Il""""""""""“"""""""""""""""""""""'F"""""""'"""l"!"llﬂlll!!!ﬂll

- EAJF
Vo T 1.1(? + 0.006 % )\/fc

where
N__ 116,000 _ .
i ———’—12 TS 268.5 psi
g
v, = 1.1(1 + 0.00€ x 268,5)v3000
= 157.3 psi
Vd 50,100
= e— = A = gh" s - .2 psi
VT 3a T 10 x 335 0 16 st < v = 157.3 psi

Shear reinforcement is nc*® required.

jo!

Check shear at noints of contraflexure. CSince the reren®
at any point Mx along the wall can be comruted by

2
M =M +—-Vx
X s 2 s

The point of contraflexure can be determined by letting
MX = 0 and solve for Xx.

The span between points of contraflexure ' o te
calculated by




The shear force at point of contraflexure V is

_ wh!
V=T

= ll;é_g_é;i = 31.9 kips

and

L= ¥ . 31,90
bd ~ 12 x 33.5

79.4 psi

L1, Since the structural conditions of this intake structure wall
are similar to the box culverts, Equation (15) of EM 1110-2--902 (OCE
1969) shall apply

(0.046 + p) 10 +-—) f'
v__ = 11,000 \/
pe <i9 L2 4000

where
- 116 _
N/V = 1.9 3.6
Vi oo Dol
2'/d 575 = 1.9L
p = 0.006
' = 3000

(0.0L6 + 0.006)(12 + 3.6) f%ooo
Vpe 11,000 {19 + 1.0L) 1000

369 psi

L[}

A38
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The factor of safety in shear for &'/d < 3 1is 2.0 according to EM
1110-2-2902 (OCE 1969).

v
_Fgr_:}%:lsw psi > 79.k psi ;

L2, Strength design.

a. Check shear at d from the face of the support. Since

the intake structure wall is subjected to moment, shear,
and axial compression, the provisions of Section 11.3.2.2
of ACI 318-77 shall apply.

md2 !
(Mu)d 1.9 Ms * - Vsd

11.8 x 2.79 x 2.79

[~

1.9{2k9 + - 83 x 2.79)

120.4 kip-ft

(v). = 1.9(VS - wd)

1.9(83 - 11.8 x 2.79)

u

i

95 kips

N =1.9 x 116 = 220.4 kips
According to Fquation 11-7 of ACI 318-77
m Mu - N (BE_%%ii) F

1204 = 220,k (h x 368‘ 3?'5)

=
it

-2923.9 kip-ft
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Since My, 1is negative, V. shall be computed by Equa-
tion (11-8) of ACI 318-7T7

u
00A
> g

<
1

3.54/f" bd (1 +
c

220,400
A 2
3.5¥/3000 x 12 x 33.5 \/l + 500 x 12 x 30

109.5 kips

oV,

0.85 x 109.5

"

93 kips

This value is approximately 2 percent less than the V,
at Section d from the face of the support and the design
is considered acceptable without shear reinforcement.

Check shear at 0,152, from the face of the support.

From the given design information

vV = (10, bis)
C
= 210 36
5v3000
¢
= 260.2 kips < 2.1 |11 - 73- T bd| = ¢ kips
¢ o
¢V = 0,84 x 260,0
o

"

P0l.Y Kips

ALO




The factored shear force at 0.152n from the face of the support can

be computed:

<t
1

1.9[vS - w(O.lSQn)]

1.9(83 ~ 11.8 x 0.15 x 1k)

110.6 kips

Since V;; < ¢V. , the shear reinforcement is no% reqguired

at 0.1%¢, from the face of the support. Cince Qn/d =5 i
and the intake structure wall is loaded at the compression
face, the provisions for deep flexural members given in
Section 11.8 of ACI 318-77 may be used. According to
Fquation (11~29) of ACI 31877, the nominal shear strength,
Vo at 0.150,; from the face of the support, can be
computed by

Mu Vud
o (?.5 - 2.5 v a 1.9 fé + 25000 ﬂ:_ bd

u

<
1}

where
B o)
w(O.lbfn)L
M = 1.9M + ——=——— -V (0.15¢ )
u s z 5 n
r, 1 2 !
= 1.ofohg + 2RO X AT 5506 4 1&)] |
= 191.4 kip-ft
Vu = 110.6 kips .
d = 2.79 ft
"o - o4 :
fc 3000 psi f
p = 0,006
b =12 in,
d = 32,5 in,
and

Al




Therefore

1t

vV d
u
i) 1] o) ———
V. L.0<1.9\,fc + 2500p Mu >bd

9.0(1.9/3000 + 2500 x 0.006

= 103.1 kips

Comparison of this value with the V., of 260.2 kips com-
puted by Equation T indicates that the VC value computed
by Equation (11-29) of ACI 318-77 is toc conservative be-
cause the effects of axial loads on the shear strength of
concrete are not considered by the ACI equntion. There-
fore, the ACI equation shall not be used if the deoy
flexural member is subjected to significant axial compres-
sion, in addition to moment and shear.

Alp
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APPENDIX B: COMPARIGON OF DESIGN CRITERIA
FOR HYDRAULIC STRUCTUREC AND
ACI 318-77 FOR BULIDINGS

i g ML e a i o S i

R1 g




B Sttt S MM I 6 G Xk aid > " et A st ———
(¢ Jo 1 139043 (PsSnuUTquUO) )
. £
000°09 < *3 103 s
000°09 x %4B8T°0
094H I0F %3T°0 JUIBJILSaI JO asadap Uc Jurpuadsat JUSWISAOSUTSI
06 IO Qn¥D I0F %2°0 “(TL6T 400) €0T2-C-0TTT W3 484 54N1BISJWST LUE S7BRULIUSD
sansodxs
Jotaayxy - ‘utr/sdiy ¢yl =
aansodxa FUSWLISACjUTSL
Jotaequl - ‘utr/sdiy QLT = 2 ‘ut ¢l JO uciinqiassil
FUSWSDICIUTSI
Tsd 000°08 ©3% 000°0R 1sd 000°0f J0J Y3dueass udiss
n d M
(L+Q) T =n I +3+d+ J+ 4+ Jd+
d M
(TL°T + In'T + AQ°T) 6L°0 =N H+ H+ T)6°T + Qm.agmw.o =N
n d .\
AT + T T+ AT =N Re+3+m+ I+ 4+ Jd+
d yoy
HL'T + TL°T + Ay°T = 0 H+ H+ TJ6°T + AS"T|5L°0 =1
n d
(36T + TL°T + Aq°T) GL°0 =1 A d+ Jd 4+
A d M
ME'T + Q6°0 =N d+ H+ HJ6'T + T6°0 =1
n d M
(ML°T 4+ TL°T +dy'T) 6L°0 =n A I+ 4+ 4+
d M
LT+ AT =0 H+ H+ qvm.a + 35T =10 Y3dusays paainbay

sguIpTIng S2aIN31oNI1S OTNBJIDAY

s3uTpTIng I0J LL-QTIE IJOV pus®

SaJN3oNIL3s OTINBIPAY JI0J BTJS3TJI) UFISa JO UDSTJIBAWD)

Td 9T9BL




-}
|
+

_ - -—— - - -_ R - =
Joo el
Sy oy e ey,
honid 4‘.‘.(\,
ﬁ -
1
t T
—_— + U1 R
SUCHT v X R v
% TQ. [V - .
+ “HVAQ + 37C0°C)
— -
. (A= DN TeDTATGL
2
w < M\,\ 5 U IM SdsTueld TUI LA, NLSUSILT ARoUn TEUTULY
J T
.. v
. S -
[ sl e
A A
cea <
4 P

£3111qeqedunD . . . . LECT TBIXL ¢
- y - v y O + W(3 - .(V q. e L N ; B e.
UTBJI}S PUB SS343S UO Paseyg — — — = © FUB SUNX& (] jSUr3Lcy
PI*0 + (0 - D)wu,° :
s £
ﬁ V4 +

21s 3 \o X'u U 7 K o] 2 (Xeu\u
A v - «v.%mw.oweom.o = (EEY A 377 + 3%yt 0) weoio = T T a0 TBCT ITIXE Ui

£ CILEd

J
— usox9d G*g JUSWUSOI0JUTII WNWTUTL
+ + H ERal:
00¢ v

Qumw.o Qamm.o ucwumo»om:

I8l Wil
a,,. .
J¢e"o > ¢

SUGT399TJ3p HO3Y) JTI poandwioo g 30U DPOSJU SUCTIISTIS] UCT308TIOE 40 TOdLul

Lt

s3uUTpLIng S3aN30NI35 oI [NBILLE FEXST

(panuTIUO)) T4 9TGEL




(€ Jo £ 3a0ug)

- O
G~
~1
1
9]
-

SUON Pl

G2'c < p/Y

Y3Ta sasquauw 90BTAd-UI=-3SBO paadn)

b

SUON Pq = A
u

9 > P/ ¥ > 2 UMM sadqusuw JyITBIIZ

sjutpiIng SoJan3oNJd33 oI NBIPAH RERS

(pepniduo)) 1d 2198BL




APPENDIX C: DERIVATION OF LOAD FACTORS AND STRENGTH
REDUCTION FACTORS USING PROBABILISTIC APPROACH

Introduction

1. The purpose of this appendix is to show how the load factors
and strength reduction factors can be determined in a rational manner,
taking into account the inherent uncertainties of the resistances and
load effects.

2. The "first-order" or "second-moment" probabilistic method
developed by Cornell (1969), Lind (1971), Rosenblueth and Esteva (1970),
and others (Ravindra, Heaney, and Lind 1969) was used. This is a

simplified method that uses only two statistical parameters: mean

values and the coefficient of variation of the relevant variables.

Basic Theory

3. If R and U represent the distributions of strengths and

loads, respectively, any given structure will fail if U > R . Thus
the probability of failure Pf is the probability that U > R , or
Pf=P[(R-U)<O] (c1)
or alternatively
R
= — . co
Pa P(U <1 o) (co)

Since &n 1.0 = 0 , Equation C2 can be expressed as

o= B_( el
If =P [Qn(U) - ”] (c:)

. In other words, the probability of failure can be exprerced ac

SO

i
the probability that in(R/U!)  is less than zero. This probability ic

represented by the shaded area in Fijure ©1,  As shown, the distance of

Ccl
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Figure Cl. Definition of safety index

the mean of n(R/U) , [Qn(R/U)]m , with respect to the oririn can
conveniently be measured as a number 6 times the standarl devinton o
of &n(R/U) .

5. If the actual distribution of &n(R/U) were known, and if o
value of the probability of failure could be agreed upon, o complete
probability-based set of design criteria could be establisted. Untor-
tunately, so much information is not known. The distribution chege o
each of the many variables (e.r. material, load) has an intlucnce 1 <he
shape of the distribution of en(R/U) . AL besl only the means an: S
standard deviations of the many variables invelved in the rake-uy 0 tie
resistance and the load effect can be estimated. Powever, *hic int rro-
tion is enough to build a first-order approximate desipn eriterion 1y

stipulating the following design condition.




6. Equation Ch can be simplified by using first-order rrobability

theory as follows:

Rn(%)m = Rn<;§> {(cs)

m

~—
Pa-d

o)
P
o |=
o
=3

?

,
Y

and

Ao

U oR °r 3 y y
a -Jm (co) 4 i
O_( O_z '
~ ~—}3 + —L—l- 2
= 5
R” U
m m

Sin Q = and U =YV he coelUlcients of variation o7
ce R/Rm VR n oU/ n y » the coelllci ¢
the resistance R and the load effect U , ELauation ClL becomes
[
" TE L o
inl—1} > + N
My JZ2 8 VYR * VW o
m
T. To separate the resistance and load terms, Lind (1971) propesed
a linear aprroximation to the square root term in Equation C7
(’) o]
AR = afv. + V v
RtV O‘(R U) ‘
where a 1o a constant equal to 0,7%. This approximation is o to J
within +( percent for the range 1/3 < VR/VU < % . By thiu linearisa- !
= ‘ ¢

tion, it is poszible to write Fauntion C7 as

k
o . .

in — > BaV, + paV (e
by Z el opay L 1
m




(c10)

Rearranging this gives

-BaV RaV
R G Ij > U Gz U) (c11y
m — m

This resembles the current ACI 318-77 (ACI 1977a) format in that the
average strength Rm is multiplied by a factor less than 1.0 and the
average load Um is multiplied by a factor greater than 1.0. However,
when the designer uses the code design equations and the specified
strengths, he computes the design strength R rather than the mean

strength Rm . Similarly, the design is based on values of specified

U rather than the mean load Um . Therefore, YR and YU are
defined

Rm = RYR (c12)
and

U= Uy, (c1m)

m &

then Equation Cll can be rewritten as

-BaV BaV .
Ry <e R) > Uy, (e U) (c1)

or
R ¢ >U (1)
where ¢ 1is the strenpth reduetion factor and 1\ ig +ic Toadl factlor,
Thus
Ch
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Before values of ¢ and X can be Jderived, an appropriate level of

safety defined by the safety index B must te defined, and YR s ¥

™ b

YU , and VU estimated. The cholice of B and *he calculaticn of “hese

terms will be given in the following sectlions.

Choice of Acceptable Frobability ¢f Failure

8. There are two ways in which guidance in selecting B carn be
obtained. Relationships given in Equatiocn C16 and C17 can be used to
calculate the value of B correspondins to the load factors and stren:-th
reduction factors in the current codes. If these R values and the
related probabilities of failure are felt to be realistic, they can be
used to derive new values of ¢ and A for use in the new criteria,

If not, more appropriate target values of B can be selected on the
basis of the performance of the current code or engineering judement,

"

This approach is called "calibration" since the new criteria are

calibrated or made to agree with a target established by a study of the
old code. This assumes that the load factors in the old ccde have been
developed over a long period and represent a good engineering estinmate
of the required safety. Oiu, Parioni, and Lind (197%) used this tech-

nique to estimuate the weighted averare B values in ACT 318=7T:
-t
Flexure £ = b0, ' = 1.3 x 10~

Tied columns B = 500, b = 7 x 107
Ol P =103 2107

1

9. The shortcoming of enlibration as the acle means of cottinge

h

Chear §

the value of £ for new criteria ias that the level of cafety in the

current code will reneral iy vary widely fror once type of member to




another, as shown by the values listed in the previous paragraph. A
uniform value of B for all structural members is more desirable be-
cause it will provide a more consistent reliability for the new
criteria,

10. An alternative to calibration is to select a probability of
failure comparable to the risks people are prepared to accept in cther
activities., The risks involved in a number of activities are nrecernteld

in Table C1.

Table C1

Risk of Death for Various Activities¥*

Death Rate per Ferscn

per year
Those Teotal

Activity Concerned Population

Motorcycle racing 5 x 10:3

Mountain climbing 5 x 10_b

Mining T x lO_24 -5

Swimming 1 x 10 2 x 1O-h

Automobile travel L 3.6 x 10

Airplane travel 1 x 10

Fire in buildings Z 10’2

Poisoning 1.1 x 10~

Lightning 5 X 10_7

Vaccinations and inoculations 5 1 x 107"

Structural collapse 3 x 10

during construction ¢

an P
Nl vuites

A
>

.

C

¥  From MacGregor (1976).

This methoc¢ 2s the advantage of obtaining a desired degree of reliabil-
ity for all structural members. This approach is chosen herein.

11. Table Cl suggests that the probability of failure of an RCHQ
should be about 10-6 per year. This corresponds to about 3 x 10“5

during the 30-year life of an RCH3. Assuming normal distributicns of

I

R and U , the probability of failure of 3 x 10”7 will yicld a g
value of approximately .0 (MacGregor 1976). A value of £ = L.0 will
be used.

c6




Derivation of Load Factors and Strength Reduction Factors

Selection of statisti-
cal properties of variables

12, The rropertiecs assumed in the calculations are listed in

Table C2,.

Table C2

Statistical Distributions Assumed in Calculations

Mean
Specified in situ Percent a vV (
|
Material Strengths M
Concrete strength L4000 psi 3300 psi 0.95 - 0,18 |
Steel yield strength Lo ksi b1 ksi 1.03 —  0.07
Dimensions E
b-beam, column, in. 12 12.05 1.00L 0.2 o0.0%
d-beam, in. 18 17.85 0.992  0.k5 0,05
h-column, in. 12 12.05 1.00k 0.3 0.0%
Ag=beam, in.? 2.00 2.00 1.00 - 0.0¢
Ag~column, in,.? 2.16 2.16 1.00 -~ 0.0¢
Accuracy of Code Equations P
My-under-reinforced beams — - 1.06 -—  0.04
Py-axially loaded columns —-— - 0.98 - 0.0%
Veo=-shear carried by concrete - - 1.10 -  0.15
Loadings ©
Dead load —_ - 0.9 - 0.1
Live load _— — 0.8 — oL
b
Ctructural Analysis K ]
Dead load effects - - 1.0 - 0.0 .
Live load effects - - 1.0 - Q.0
Computation of ¢ for flex- * 9
o
we of a reinforeed concretle beam
13. Design strength R . The assumplions in ACI 331¥-77 could bte ,h
used to calculate the beam strenrth (neglecting ¢ ) as ;

o ;




[=s}
"
=
1}

a
u Asfy (’d - 2)

2.0 x Lo ) .
2.0 x ko (18 - o Es i) e

113.5 kip-ft

14. Mean strength Rm . The mean strength can be computed using

the mean strengths and dimensions in the equation for Mu .

=
- |
1
mb:
w
[
2|
[
e |
N—

a _ 2.0 x U1 _
2% 3 %x0.85 x 3.8 x 12.05 ~ +%°

M

= 2.0 x 41(17.85 - 1.05) + 12

114.8 kip-ft

This value of ﬁ; must be corrected to allow for errors in the equation

itself. lhus

R =M xP=114.8 x 1,06
m u
= 121.7 kip-ft
R
Y =
R R
(C12 bis)
_121.7 -
T 113.5 H-07
15. Coefficient of variation VR . The coefficient of variation
c8




will be calculated in a number of stages

a. Vg0 = Since a/2 is the product of a number of variables,
the coefficient of variation of a/2 can be computed as
follows.

2 2 e 2
0.06 + 0.07° + 0.18 + 0.C5

(ST

b. V _ - Since d - is the sum of two variables, it is
R
necessary to compute the standard deviation of this term

and then convert that to a coefficient of variation.

Thus
o =
d-7
where
o = (ﬁ)v = 1,05 x 0.01
a \e/a
2 2
= 0,22
2 2
R 0.45° + 0,00° = 0,50
d-=
and

C9

i
!




v a
(=9 3-

0.50 _
17.85 - 1,05~ 003

c. Vy, - Because M, is calculated as the product of Ag ,
fy , and (a - a/2), VM, can be calculated as

2 2

[
Moo \/VA + Vf + V a
u S Yy (da—)

av]

\j8.062 + o.oT2 + 0.032

= 0.10

d. Vg - It is necessary to include the effect of the waccurncy
of the design equation in the coefficient of variaticon

2 2
V. = \ + V
R Mu P
el
= \ﬂﬂlo‘ + 0.04°
= 0.10

16, Computation of ¢ . According to Fquation C1¢€

-BGVP
$ = Yp(‘.‘ ) (Cle hig)

Clo0

g

Fl




As discussed in paragraph 12, B = 4.0 . The term a will be taken as
0.75 as explained in paragraph 5. Thus

1.07 e-u.o x 0,79 x 0,10

hed
]

= 0.78

The value of ¢ for this particular problem is 0.78. This value of

¢ will correspond to the load factors to be developed in paragraph 25.
By calculating ¢ values for a range of different properties, a
weighted average value can be obtained

Computation of ¢ for an
axially loaded tied column

17. Design strength R . The design strength can be calculated by

the following equation.

d
|

= 0.85f'(A - A + (f
o 0 5fc(Ag st) ( yAst

0.85 x I (1hh - 2,16) + (L0 x 2.16)

568.7 kips

18, Mean strength Rm . Based on the mean strengths and dimen-

sions, the mean axial load capacity is

F; = 0.85 x 3.8 (12.09 x 12,05 = 2.16) + (L1 x 2.10)
= 550.6 kips
Again, this value must be corrected to allow for crrors in the caguntion

itzelf. Thus

R =P x b =550,6 x 0,98
m O

539.6 kips

Cll

[P SRR




19. Coefficient of variation V_ . The ctrength of the axially

R
loaded column is the sum of the load carricd by the concrete FC and

the steel PS . The coefficient of varigtion of U and F will be
I S !
evaluated separately. §
.V . ,
a P and Op i
C [

"
O
—
O

The standard deviation of the load carried by the concrete

is
op = Vp x Ic
¢ ¢
"1
= 0.19 x hfe = 37,8 kips {
b. Vpp and OP" .




o

f

\;’0.072 + 0.06°

= 0.09
and
op = 0.09 x 88.6 = 8.2 kips
V., and op - bince T is a sum, o values must be
IO o (0]
combined to get Op -
o}
2 2
% = % * %
o c s
= \/87.82 + 8.22 = 88.2 kips
Thus
g
v, = —-—P" = L8260
p = 550.6 '
o p
0

Arain, this must be adjusted to allow for errors in the
equation used to compute T
o




20. Computation of ¢ . According to Equation Cl16

-BaV

6= v

e—h.o X 0,75 x 0.17 (C16 bis)

0.95

0.57

The value of ¢ for this particular example is 0.57. Before a final
value can be chosen, a number of different column sections, including
eccentrically lcaded columns, must be studied.

Computation of ¢ for shear

21. Design Strength R .,

v o= :’\/FZ bd

18
=D o ——
2 x /000 x 12 x 1000

= 27.3 kips

oD Maonn Ttrmancedh °

PSR GO0 O TAREISY Py .

— 17.8%
- n A0t E
Vu 2 x V3800 % 170,04 ~ T

and

Cla




23. Coefficient of variation V

24, Computation of ¢

\ﬁL182 + 0.052 + 0.0

2 2
0.1 + 0.15° = 0.2k

2
€

)

= 0.19

Referring agnain to Eaquation

—BaV
LGR

¢ = vpe

= 0.52

Computation of load fac-
tors for dead and live londs

25%. The derivation of

tuty U =10+ 1 where hoth

cnnse the coefficiont, of var,

=0 x 0078 ox 0.0k
= LUl e

16

Aoowill be based on baquation 17

fual:
') - .Y o 11
u

ation - L o

much

oreci leer

Cneparate variables,

thnn

(C16 tis)

the




L , it is desirable to separate these,

Since
u, = Uy, (C13 bis)

Equation C17 can be rewritten as

BaVu
U = 8
Y ue (c18)
Using the first two terms of the series expansion for eX gives
BaV
ue Y=(Dp +1)(1+paV)
m m m u
or
BaV - s
Ue Y=pl1+8aV.]+L|1+8gaV (c19)
m m D m 1

The parentheti:al terms in Equation Cl9 can be rewritten in exponential

form for consistency, giving separate load factors for ' and L

D
fo JD

Yoo {(cro)

S
1

D

{‘l(zg ‘Jl
A N o \
Lo NC (=0

Cl6




26. Derive A_ .

D
8a2VD
AD = Ype {C20 bis)
The term VD is affected by variations in the load VSD and variagtions
due to standard analysis VED . Thus
2 2
= +
VD VSD VED
, 2
= 0.152 + 0.10° = 0.18
Therefore
L e
A = 0.9 e .0 x 0.75 x 0.18
D
= 1.39
" .
2T. Derive AL .
2
3: ‘.V
\L =y.e L (Czl bis)
where
2 2
LT NV Ve
o 2

C17




28. Other load combinations. The above derivation was limited to

the combination of dead plus live loads. ©Similar analyses are required

for other loading combinations.

Discussion

29. Load factors and strength reduction factors derived from these
particular examples compared to those specified in Part II are summarized

in the following tabulation.

Specified

Calculated Calculated Values for
Factor Values Values x 1.11 Design
Dead load 1.35 1.50 1.50
Live load 1.80 2.00 1.90
¢ for flexure 0.78 0.87 0.90%
¢ for tied columns 0.57 0.63 0.70%
¢ for shear 0.52 0.58 0.85%

*  Same as ACI 318-77 (ACI 1977a).

The calculated values, except for shear, are very close to those cpeci-
fied in Part II. The strength reduction factor for shear given in ACI
318-(7 appears to be inadequate; the 0,65 value is insufficient to

account for the larpe coefficient of variation in shear resistance.

™iz Ju'lf'igin,hgfy UAS alovu bedin Looad ’va ULl invku’u;;lz'uulu (1:11;L.£jvu_/w\1
1978).

30. Much more extensive ctiriy U various size. ' , D=
inforecing ratios, and live to Jdead loal rati o Lo regqairei Dol Tins
load factors and ¢ factors can be deternined. However, the rinal
values are expected to be cimilar to the wnes gderives In this appendis.

Chortecomings of Mirst=-Order I'robabilistic Procedure
31. According to MacGropor (1970), Lthere are four nador chordo
comings of the first-order probabilistic procedure ured G0 colenlate

load and ctrength reduction fact.ora.




La)

8!

The procedure is only as good as the data used in the
tion., This is a problem to all procedures. Ctatictical
data of the type required are not widely available.

The procedure assumes that specific probabilities of falil-
ure can be evaluated. Oince this calculation deypends cn

a knowledge of the extreme ranges of the strength cistri-
butions that are not adeguately known, the computed
probabilities of failure could differ from the actual
values by as much as a factor of 10.

Failure of the structure 1s assumed to cccur when cne
cross section or element reaches its capacity. For o
weakest-link structure such as a truss, failure will ocew
when the weakest of many elements is overloaded. Tor &

1

ductile indeterminate structure, loads will be Iistritutel
from section to section before the entire curucture failc.
The solution will tend to overestinate the cafely ¢f the
first case and underestimate the second.

Only failure by known overlcads has teen considered.
Causes of failure such as gross errcr, fire, or explosicon
have not been considered.

. In spite of these shortcomings, the first-crder prrobabiiistio

procedure used in this appendix provides a rational procedure for

estimating safety factors and should be used to derive 1onid and strensh

reduction factors for T HE.

Recommended Future Ctudies

33. It is envisaged that the fellowing efforts are roau.

a rational procedure for derivation of load and strensth -

tors can be realized:

2.

Collect data on ctatistical distributi.i. o
Extensive data of the type summaric..i .
collected for each compenent atfeet -

RCHG. Tn addition, data must be bt
about tyricnl dead, live, anl wini |

water pressures in RCHS, as well <o
strengths and steel percentnges,

can be used for the most cormno oy

Determine thecretical anil e

Frocedures for caleulntings i

must be celected sl oomyparye o
PRI Y

desien cauntions oh
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theoretical equations should be as definitive as necessary
to accurately estimate the true member strength.

¢, Calculate Yg and Vg for various structural actions.

Values of YR and VR must be calculated for flexure,

column cross sections in combined bending and axial load,

slender columns, shear, bond, and deflections, and possibly

for cracking. For some members these terms can be computed

using direct statistical methods similar to those outlined !
in this appendix. For other members such as column cross 1
sections or slender columns, the interaction of the vari-

ables is more complex and a Monte-Carlo simulation tech-
nique must be employed to estimate YR and VR .

ca0




APPENDIX D: DERIVATION OF MAXIMUM TENSION REINFORCEMENT
RATIO FOR FLEXURAL MEMBERS

1. With reference to Figure D1, the equilibrium between external

and internal bending moments M at working stress, can be expressed as

=1 2
M=3f_ kibd (1)

" €
AN S i

! 1
r_-C = Efckdb
kd
d - - <4 - -
2le
i
®
i —— @- . ol T-AS
lotis
s |

Figure D1. Stress and strain distribution,
working-stress design

The minimum 4d required for working-stress design (WSD) can be obtained
from Equation D1

M
£ k3 (n2)

where k and J are the values for the balanced WSD stress condition.

2. From Figure D2, the factored moment strength Mu can be written
as

M, = ¢ [Asfy(d - g-)] (D3)

D1

g ey




0.85¢
c

T
- C=085(ab
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Y
d
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f
©
JL. —y— & L T= At'v .
b
Figure D2. Stress and strain distribution,
strength design
and

AT of d
sy . __X
O.BSféb O.BSfé

(Dk)

a8 =

By substituting the value of a obtained from Equation !4 and substi-
tuting pbd for As into Equation D3

f
= 2 X
Thus
M
q = L - - (D6)
- <L

3. For an equivalent design, Equation D2 should be equal to Equa=~

tion D6, and therefore




i ety ]

1
:
M I
2M u ;
£ kib - f (D7) ‘
sof. (1 - 0.590=L}b i
Yy Y
C
2,
For hydraulic structures 3
Mu £1.9M (D8) é
f =0.35 £ (D9) ?
c . c Ex
¢ =0.9 (D10)
fy = 4o ksi (p11) E

Substituting Equations D8-D11 into Equation DT

ra
[o]

SR e (MR TTTIR Y TR

729(1 - 0.59 ho) = O.67f(':kj (p12)

The tension reinforcement ratio for equivalent design p can be ob-
taired from Equation D12 for given fé s k ,and J . Table D1 shows
the p and p/ob values for various fé . It can be seen that p/p

b
varies from 0.23 to 0.29. The value of 0,25 is recommended for design

g AT e 1272

of hydraulic structures. For conduits or culverts, the allowable con-
crete stress fc is O.thé « Substituting this value together with i
Equations D8, D10, and D11 into Equation D7

729(1 - 0.59p %‘%) = 0.86f;k3 (p13)
(o]

The p values for conduits or culverts for various fé are given in

Table D2. The p/pb varies from 0.36 to 0,442, The recommended value

of p for conduits or culverts is 0.3750b .




. r‘~4~v-’ﬂm

Table D1

Tension Reinforcement Ratio for Equivalent

Design of Hydraulic Structures

fé 0.35fé

ksi ksi k* J¥* ) Db** p/pb

3 1.050 0.326 0.891 0.0086 0.0371 0.23
L 1.400 0.359 0.880 0.0128 0.0k490 0.26

5 1.750 0.383 0.872 0.0169 0.0582 0.29

* Obtained from American Concrete Institute (1965).

#*  Obtained from American Concrete Institute (1977b):

f!
_ _¢ __ 87,000
P, = 0.858) = B7.000 + F
y Y
Table D2
Tension Reinforcement for Equivalent Design
of Conduits or Culverts
fé 0.h5fé
*%
ksi ksi k* FL 0 °s p/oy
1.350 0.383 0.872 0.013L 0.0371 0.360
1.800 0.b19 0.860 0.0195 0.0k9s5 0.393

5 2,250 0.huk 0.852 0.0257 7.0582 0.4k2

#* Obtained from American Concrete Institute (1965).
#%  Obtained from American Concrete Institute (1977b):

!
fc 87,000

= 0.858, +
1 fy 87,000 + fy
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